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Abstract 
The Danish government will seek energy-efficiency improvements to meet their 
targeted aims. Single-room ventilation with heat recovery allows simple installation 
through the façade and may be broadly deployed in apartments. Danish building 
regulations require greater than 80% heat recovery in new constructions and will 
soon require 85%. The development of single-room ventilation units may aim for 
these requirements as a result. The exhaust temperatures in highly efficient heat 
exchangers may approach outdoor levels. The cold exhaust cannot contain ample 
moisture, so vapour will condense on the heat exchanger. Available literature 
suggests that uncoated rotary heat exchangers transfer this condensate to the supply 
air, so the drying capacity of the ventilation system may be severely limited. This 
could raise indoor relative humidities to unsafe levels, which could promote the 
growth of dust-mites and mould. Controls may increase drying capacity by 
increasing ventilation airflow, but this may not be sufficient to limit moisture-related 
risks. This research investigated the added demand-control measure of reducing 
variable heat recovery to increase drying capacity when using an uncoated rotary 
heat exchanger in single-room ventilation. Simulations demonstrated that increased 
airflow sufficiently lowered the relative humidity in living rooms and bedrooms 
during most hours of the year. Decreased heat recovery was only necessary for a 
limited number of hours to maintain safe indoor relative humidities in these rooms, 
and the overall average reduction in heat recovery was less than 3%. The combined 
measures only succeeded in living rooms and bedrooms, and the results confirmed 
that rotary heat exchangers should not be used in kitchens or bathrooms, where 
moisture risks may be unavoidable. 
Keywords - single-room ventilation; rotary heat exchanger; moisture issues; 
renovated buildings; energy retrofit 
1. Introduction  
The Danish government aims to completely rely on renewable energy 
sources for electricity and heating in buildings by 2035 [1]. Energy 
efficiency measures will help to achieve these aims. Therefore a Danish 
national energy efficiency action plan [2] expects to reduce heating 
consumption in buildings by at least 35% before 2050 compared to 2011. A 
report by the Danish Building Research Institute [3] established the strategy 
and scenario for these savings. Another scenario included technical 
advancements towards achieving 45% savings. The scenario required cost-
effective deployment of mechanical ventilation with heat recovery on a 
broad scale. The report demanded inexpensive flexible new technologies for 
renovated buildings. It also required new knowledge and competence to 
properly implement these technologies. 
Single-room ventilation with heat recovery may provide a flexible and 
affordable solution for new and renovated buildings. Its placement in the 
façade minimizes the ductwork, planning and installation-time necessary for 
implementation. It also provides inherently optimal and customizable service 
delivery to meet the needs of each room [4]. Recent research hoped to 
improve the cost, quality and efficiency of single-room ventilation with heat 
recovery. Smith and Svendsen [5] described a collaborative effort to develop 
a cost-effective single-room ventilation unit for renovated apartments in 
Denmark. The development aimed to meet a list of criteria, including 80% 
heat recovery efficiency (i.e. temperature efficiency) as required for new 
buildings. This resulted in a novel rotary heat exchanger made of a plastic 
honeycomb with small circular channels. Rotary heat exchangers are an 
example of regenerative heat exchangers (or regenerators). These 
periodically regenerate a heat transfer medium to store and recover heat. 
Alternating or fixed-matrix heat exchangers are also examples of 
regenerators, which may stop or slow their regenerative cycles to bypass heat 
recovery. This provides a means to control supply air temperatures and 
prevent frost accumulation. Regenerative heat exchangers also transfer 
condensate from the exhaust to the supply air even if they are not coated with 
desiccant. This removes the need for drainage, which could be necessary in a 
recuperative heat exchanger. These characteristics make regenerators 
appealing for use in single-room ventilation. However their behaviour in 
temperate humid conditions may be problematic if they transfer too much 
condensate from the exhaust to supply air as this decreases drying capacity. 
In the future building stock, buildings are increasingly airtight so the drying 
capacity of mechanical ventilation becomes ever more important. With 
highly efficient heat recovery, the drying capacity of a regenerator may be as 
small as the difference in moisture content between the saturated exhaust air 
and the nearly saturated outdoor air.  
Smith and Svendsen [6] simulated single-room ventilation units in 
renovated Danish apartments. The results showed that efficient uncoated 
rotary heat exchangers recovered excessive moisture from kitchens or 
bathrooms (i.e. wet rooms) and yielded a substantial mould risk. Based on 
literature, the constructed moisture scenarios showed that vapour release is 
lower and less varied in living rooms and bedrooms (i.e. dry rooms), which 
reduces the risk of excessive moisture recovery with regenerators. The 
results suggested the possibility of a combined solution of single-room 
ventilation units that use recuperative heat exchangers (that do not recover 
moisture) in wet rooms and regenerative heat exchangers in dry rooms. This 
would match the type of heat recovery and its related drying capacity to the 
ventilation needs of individual rooms. It would also allow the units in wet 
rooms to drain to available plumbing while the units in dry rooms would not 
require drainage. 
The present research used Matlab software to simulate the impact of 
demand-control on a rotary heat exchanger to achieve optimal indoor 
humidity. The rotary heat exchanger transferred condensate from the exhaust 
to the supply air, but this was controlled with variable flow rates and variable 
heat recovery based on values of indoor relative humidity. This research 
investigated the effect of a controlled decreased in heat recovery when 
maximum ventilation airflow was insufficient to remove moisture. 
2. Methods 
Apartment description 
The simulated apartment represents a typical construction in Denmark. 
Its gross exterior area was 77 m2, which is the Danish average for social 
housing. An actual floorplan of a Danish apartment supplied the room sizes 
and layout for simulations, which is shown in Figure 1. Additionally, Figure 2 
shows the weekday occupancy profile. Simulations assumed a total 
occupancy of two adults and one child in the apartment. 
 
 
 
Figure 1. Layout of the apartment. 
 
Figure 2. Weekday occupancy schedule. 
Moisture balance equations 
Smith and Svendsen [6] constructed three scenarios of vapour 
production in a typical one-family apartment based on available literature. 
The scenarios represented the best-, typical- and worst-case moisture release 
schedules to identify outcomes for a range of probable conditions. Table 1 
shows the aggregated values. For comparison, Christian [7] listed the vapour 
production in a typical one family apartment as approximately 6-10 
kilograms per day. 
 
Table 1. Assumed aggregate values for the release of indoor moisture 
sources in the simulated apartment [6]. 
    Scenarios 
Activity Room Frequency Units 
Best-
case 
Typical 
case 
Worst-
case 
Cooking load Kitchen - kg/day 0.24 2.35 5.06 
Dishwasher 
load 
Kitchen daily kg/day 0.05 0.15 0.45 
Cleaning All weekly 
kg/m2 0.005 0.005 0.15 
kg/day 0.04 0.04 1.32 
Shower load Bathroom 
3 
showers/day 
kg/shower 0.20 0.35 0.53 
kg/day 0.60 1.40 2.12 
Clothes drying 
load 
Bathroom 3 loads/week 
kg/load 0 1.67 2.9 
kg/day 0 0.72 1.24 
Plants Living Continuous kg/day 0 0.06 0.45 
Pets Living Continuous kg/day 0 0.12 0.41 
Occupancy Various - kg/day 2.25 2.25 2.25 
TOTAL All - kg/day 3.18 7.09 13.30 
 
Moisture limits 
Several studies investigated moisture limits to prevent mould growth on 
surfaces. Rowan et al. [8] recommended a maximum local surface relative 
humidity of 75% to limit fungal growth. Johansson et al. [9] listed several 
limits above 75% based on material type and cleanliness. Vereecken and 
Roels [10] reviewed mould growth models and determined that many use 
critical surface relative humidities above 80%. An available ASHRAE 
standard also takes temporal effects into account using a moving average. 
Based on expert opinion and limited information [11] ASHRAE Standard 
160:2009 [12] recommended a maximum 30-day moving-average surface 
relative humidity of 80% and a maximum 7-day average of 89%. Surface 
temperatures are uncertain and vary due to thermal bridges, which worsens 
the confusion on appropriate limits for indoor relative humidity.  
Standard EN15251 [13] provides performance categories to assess the 
relative humidity (RH) of indoor air. This may be appropriate for simplified 
airflow simulations, as employed in this research, which may not accurately 
predict surface temperatures. The upper limits in categories I and III are 50% 
RH and 70% RH, respectively. Category IV is defined as being acceptable 
for a “limited part of the year”, so RH must only exceed 70% for a short 
duration. Furthermore, dust mites proliferate at relative humidities above 
50% [14], so category I limits their growth. This is especially important in 
bedrooms and living rooms where textiles feed their growth. The results 
were therefore analysed with respect to these limits. 
Simulations 
Smith and Svendsen [6] described simplified simulations of moisture 
balance equations for single-room ventilation in a Danish apartment. 
Simulations used time steps of 10 minutes and calculated iterations in 
Matlab. The iterations took the form: 
𝑥𝑟𝑜𝑜𝑚,𝑖+1 = 𝑥𝑟𝑜𝑜𝑚,𝑖 +
𝐺𝑟𝑜𝑜𝑚,𝑖
(𝜌𝑉)𝑟𝑜𝑜𝑚
+ 𝑁𝑖𝑛𝑓(𝑥𝑎𝑚𝑏,𝑖 −𝑚𝑖𝑛{𝑥𝑟𝑜𝑜𝑚,𝑖 , 𝑥𝑠𝑎𝑡,𝑟𝑜𝑜𝑚}) +
𝑁𝑣𝑒𝑛𝑡,𝑟𝑜𝑜𝑚,𝑖(𝑥𝑠𝑢𝑝,𝑟𝑜𝑜𝑚,𝑖 −𝑚𝑖𝑛{𝑥𝑟𝑜𝑜𝑚,𝑖 , 𝑥𝑠𝑎𝑡,𝑟𝑜𝑜𝑚})  
where x is a moisture content in mass of water per mass of dry air, N is 
an air change rate per time step, G is a moisture release. The subscripts room 
and i represent the simulated room and time step index respectively, while 
the subscripts inf, vent, amb, sat and sup represent infiltration, ventilation, 
ambient, saturated and supply air, respectively. Smith and Svendsen [6] 
provided further details of variable calculations. 
Ventilation 
The simulated apartment assumed a new or renovated construction, so 
the infiltration rate complied with the 2015 Danish building regulations. The 
regulation [15] specifies a maximum infiltration rate of 1 L/sm
2
 at a 
pressurization of 50 Pa. At a room height of 2.4 m, this equates to a limit of 
1.5 air changes per hour at 50 Pa. Based on a rule-of-thumb [16], this 
corresponds to an infiltration rate of 0.075 air changes per hour at an average 
pressure of 4 Pa, so simulations assumed this value. 
Simulations calculated the minimum ventilation rate for each single-
room unit as 0.5 air changes per hour. The calculation used respective room 
volumes. This minimum is roughly similar to the minimum in the Danish 
building regulations of 0.3 L/sm
2
. Simulations used a maximum ventilation 
capacity of 20 L/s and 15 L/s for the kitchen and bathroom, respectively, as 
required by Danish regulations. The adult bedroom and living room assumed 
a maximum ventilation rate of 14 L/s as specified by category II in EN 
15251 to sufficiently dilute bio-effluents from two adults. The small 
bedroom assumed a maximum ventilation rate of 10 L/s, which is the 
category I requirement to dilute bio-effluents.  
Demand-control 
Prior simulations by Smith and Svendsen [6] modulated ventilation 
airflow from minimum to maximum capacity between 50% and 70% indoor 
RH in each room. This research altered those controls and decreased heat 
recovery when maximum ventilation airflow was insufficient to remove 
moisture. The simulation first determined the ventilation flow rate in each 
room based on its relative humidity, φ. The controlled increase occurred 
between 40% and 50% RH by the equation 
𝑁𝑣𝑒𝑛𝑡,𝑟𝑜𝑜𝑚,𝑖 = 𝑁𝑣𝑒𝑛𝑡,𝑟𝑜𝑜𝑚,𝑚𝑖𝑛 + [(𝑁𝑣𝑒𝑛𝑡,𝑟𝑜𝑜𝑚,𝑚𝑎𝑥 − 𝑁𝑣𝑒𝑛𝑡,𝑟𝑜𝑜𝑚,𝑚𝑖𝑛) ∙
𝑚𝑖𝑛{1,𝑚𝑎𝑥{𝜑𝑟𝑜𝑜𝑚,𝑖 − 40%, 0}/(50% − 40%}]  
A decrease in heat recovery produces higher exhaust temperatures and 
greater drying capacity of ventilation air. The simulations decreased heat 
recovery for indoor relative humidities above 50%. Smith and Svendsen [5] 
experimentally demonstrated that slowing the regenerative cycle of a heat 
exchanger could decrease heat recovery. The simulation calculated the 
maximum temperature efficiency at a given flow rate using the model 
described in Smith and Svendsen [5] for a prototype rotary heat exchanger in 
single-room ventilation. This assumed a maximum rotational speed of 10 
rpm. The simulation also determined the minimum temperature efficiencies 
required to provide adequate supply air temperatures and avoid cool 
draughts. The minimum supply air temperature was 15
◦
C.  
The decrease in temperature efficiency, 𝜂, was simulated between its 
minimum and maximum as 
𝜂𝑟𝑜𝑜𝑚,𝑖 = 𝜂𝑟𝑜𝑜𝑚,𝑚𝑎𝑥 − [(𝜂𝑟𝑜𝑜𝑚,𝑚𝑎𝑥 − 𝜂𝑟𝑜𝑜𝑚,𝑚𝑖𝑛) ∙ 𝑚𝑖𝑛{1,𝑚𝑎𝑥{𝜑𝑟𝑜𝑜𝑚,𝑖 −
50%, 0}/(70% − 50%}]  
3. Results 
The results of simulations were plotted as annual duration curves, multi-
day moving-averages, and hourly averages to assess the performance of 
regenerative heat recovery on various time scales.   
Duration curves 
Figure 3 shows the cumulative duration curves for the fraction of time 
steps above specified relative humidities during the heating season. In the 
kitchen and bathroom (i.e. wet rooms) the regenerative heat exchanger 
recovered excessive moisture and provided severe mould risk. In the worst-
case scenario for moisture production, the regenerative heat exchanger 
provided saturated conditions for approximately half of the heating season in 
these rooms. The added drying capacity from the demand-based reduction in 
heat recovery was not enough to limit relative humidity and mould risk. The 
results confirm the conclusion that regenerative heat recovery must not be 
used in wet rooms as was previously shown by Smith and Svendsen [6]. 
It is clear from the plots that demand-control effectively removed 
moisture from the living room and bedrooms (i.e. dry rooms) with either type 
of heat exchanger. The slope of the duration curve sharply declined between 
40% and 50% RH, which shows the effect of increased airflow. These results 
indicate that further demand-control with reduced heat recovery may not be 
necessary to avoid mould risk in dry rooms.    
 
 Figure 3. Duration curves of relative humidities in the heating season for the best-, typical- and 
worst-case scenario moisture production schedules. 
7-day moving-averages 
Figure 4 shows the results of 7-day moving-averages for indoor relative 
humidity, ventilation air change rate, and heat exchanger temperature 
efficiency. These plots can indicate seasonal differences and to what extent 
the demand-controls reduce indoor RH. The figure shows the results of 
simulations with the worst-case moisture production scenario. 
Increases in ventilation airflow and reductions in heat recovery consume 
added energy. However the results show that the difference is minor between 
regenerative and recuperative heat exchangers in dry rooms. The average 
difference in ventilation air change rate is less than 0.14 per hour in the adult 
bedroom and less than 0.07 per hour in the other dry rooms. Similarly, the 
average difference in temperature efficiency is less than 3% in the adult 
bedroom and less than 1.5% in the other dry rooms. 
The 7-day moving-average RH rarely surpassed 50% in dry rooms. This 
would meet category I of EN 15251, and it is substantially less than the 
ASHRAE limit of 89% for 7-day surface RH. The results also show low 
seasonal variability in dry rooms with either type of heat exchanger, which 
could not be identified from the duration curves.  
 
Figure 4. 7-day moving-average relative humidities, air change rates (ACH), and temperature 
efficiencies throughout the heating season with regenerative and recuperative heat exchangers 
and the worst-case moisture production scenario. 
50
th
-day hourly time-series 
Figure 5 shows the hourly time-series data on day 50 (i.e. February 19
th
) 
of the simulation with the worst-case moisture production scenario. The 
previous figure indicated that day 50 had particularly high relative humidity 
and warranted further inspection. With the regenerative heat exchanger the 
maximum ventilation airflow in the living room and adult bedroom did not 
remove enough moisture to limit RH to below 50%. This activated the 
proportional controller that decreased the temperature efficiency of the heat 
exchanger and increased drying capacity. This successfully limited the 
relative humidity in these rooms to near 50%. As previously indicated by 
Figure 4, these brief reductions in heat recovery had a limited impact on the 
overall average temperature efficiency, which still met Danish regulations. 
The simulations did not reduce heat recovery in the recuperative heat 
exchanger as this would not increase drying capacity. It therefore provided a 
baseline for comparison.  
 
Figure 5. Hourly time-series data of relative humidities, air change rates (ACH), and 
temperature efficiencies using regenerative or recuperative heat exchangers on the 50th day. 
4. Discussion and Conclusion 
Building materials did not buffer indoor humidity in simulations. 
Buffering would have dampened extreme values of indoor humidity and 
lessened the time above the specified limits. Salonvaara et al. [17] and 
Mortensen et al. [18] determined that interior paints often behave as vapor 
barriers and limit moisture transfer between construction materials and room 
air. Therefore it was reasonable to assume that construction materials did not 
buffer indoor RH.  
The simulation also assumed that other materials, such as furniture and 
textiles, did not dampen indoor humidity. Svennberg et al. [19] furnished a 
room and measured a 10% lower daily peak in room RH, so this buffering 
may be significant. However, the simulations of regenerative heat recovery 
yielded nearly flat duration curves above 50% RH, as shown in Figure 3. 
Therefore, a 10% decrease in peak RH (i.e. a leftward shift of the curve) 
would not impact the conclusion of too high moisture risk in wet rooms. 
The results indicated that regenerative heat recovery may be suitable for 
single-room ventilation of dry rooms in Danish apartments. The simulation 
of demand-controlled ventilation and variable heat recovery demonstrated its 
potential to minimise moisture risk. Increased airflow alone may be 
sufficient to limit moisture risk in dry rooms, but variable heat recovery 
provides a secondary option to ensure minimal risk. The increased drying 
capacity from reduced heat recovery was only necessary for a limited 
number of time steps during the year. The total decrease in heat recovery was 
less than 3% in the adult bedroom and less than 1.5% in other dry rooms. 
The demand-controls did not remove enough moisture from wet rooms when 
using regenerative heat recovery, so the use of regenerators should be 
prohibited in these rooms.  
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